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Abstract 
This thesis described the generation and transportation of hot electron in fast 
ignition experiments. A brief review of the background and the theory of inertial 
confinement fusion process are discussed. This thesis explains different schemes 
of fast ignition alongside the various relevant electron energy spectrum 
diagnostic techniques. The experiment was performed using the Vulcan 
PetaWatt laser at the Rutherford Appleton Laboratory. Capsules in which a re-
entrant gold cone has been imbedded were involved in the experiment as 
targets. Gold cone targets, with a wall thickness of 20 μm and a tip thickness of 
6 μm were used in the experiment. Each cone had a 40 μm diameter, 
approximately 1mm long copper wire attached to its tip. An electron 
spectrometer was used which was aligned along the axis of the wire attached to 
the gold cone. Results of the experiment explained the electron energy 
spectrum in a high energy picosecond 1.053 μm laser pulse interaction with a 
cone-wire target, with various degrees of laser defocusing. Diagnostics also 
included electron energy spectra with electron energies between 1MeV to 
8MeV using image plates  as detectors and found the relevant relativistic 
maxwellian temperature for each energy curve associated with different targets 
and with a different  degree of laser defocusing.  The results show that with an 
increase of defocusing of the laser, energy coupling remains the same in the 
cone while softening the electron energy.
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Chapter 1 
 
1.0 Inertial Confinement Fusion 
 
 
Energy and life have always being interconnected. Finding new sources of 
energy is a key pursuit for this current generation. Implementing new, cost-
effective and clean sources of energy would not only support the present 
population of the world but would also be hugely beneficial for future 
generations. These issues are not only important for scientists, but are also 
widely discussed in a socio-economic and political context. Scientists all over the 
world are striving to develop new energy sources which will not be the depleted
[1]. 
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1.1 Introduction  
The sun was the only source of energy for the first five to ten million years of 
human existence. However the growing needs of the man led him to find 
different sources of energy. Starting from the first manmade fires, we have tried 
to develop increasingly sophisticated sources of energy [2]. 
 
Figure 1.1. World’s energy consumption sources. It shows fossil fuels fulfil 88% 
of the world’s energy consumption needs. Only 12% of energy is produced by 
other sources [3]. 
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Currently 88% of the world’s energy source production and consumption is in 
the form of fossil fuels as show in figure 1.1 which is based on a survey done in 
2006 in Canada [3]. Fossil fuels are appealing as a source of energy due to their 
ability to be converted to commercial power with high efficiency. However there 
are many issues related to this kind of energy source. Fossil fuels are non-
renewable. If the world‘s nations keep consuming energy at the present rate 
then oil and gas will only provide energy for approximately the next 100 years; 
coal for approximately for the next 200 years [4]. 
The world’s population is increasing and the societies are always looking for a 
better and more sophisticated lifestyle [4]. This increases the energy 
consumption per capita. It increases the energy demand on a year-to-year basis, 
as shown in the figure 1.2, which shows energy consumption per capita from 
1925 to 2005 [5]. 
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Figure 1.2. Energy consumption per capita and total global energy production 
from 1925 to 2005 [5] . 
This energy consumption rate is shrinking the inventory of fossil fuels faster ever 
more rapidly. Figure 1.2 suggests that, in the light of a swelling global 
population, global energy demands are not likely to diminish in the near term 
[5].  
The scientific community is working to develop alternative energy sources, 
which are both renewable and low in cost, such as hydro, wind and solar. The 
utility of these alternative energy sources depends strongly upon on our ability 
to convert them efficiently into commercial electricity. However the combined 
contribution of such alternative energy sources is only approximately 7-8% of 
the total world production. In addition, while fossil fuels can easily be 
transported to any location, some of these alternative energy sources are highly 
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dependent upon the local geography and climate. This can limit their utility in 
many cases [5]. 
Another issue which has forced us to think about alternative energy sources is 
that of the production of harmful gases released during the combustion of fossil 
fuels. CO2 is released as a major combustion product which pollutes the 
environment.  A report based on a research done by the US Department of 
Energy and Environment Protection Agency shows that due to the combustion 
of fossil fuels millions of tons of CO2 has been released in atmosphere in the past 
150 years. According to this report, in 1999 alone almost 2.5 million tons of CO2 
were been released into our earth’s atmosphere [6]. The presence of CO2 in the 
earth’s atmosphere at greater than normal concentrations causes a range of 
problems such as global warming and the greenhouse effect [7].  
These considerations have resulted in the scientific community focussing efforts 
upon developing alternative sources of energy which are renewable, efficiently 
converted in commercial power and have less damaging effects upon the 
environment. This led them to the idea of using nuclear fission energy as an 
alternative to fossil fuel. In late 1940s and early 1950s, nuclear reactors were 
used for the 1st time to generate commercial electricity. Many considered this to 
be a key solution to the world’s energy crises. Fission can readily replace fossil 
fuel burning power reactors. However there are problems related to the 
production of fission waste products. The radiation emitted from these fission 
daughter nuclides and their descendants would have devastating effects upon 
the environment were they to be released. This has created much controversy, 
14 
 
both in terms of the safety of such reactors, and also in terms of the methods 
and locations of transportation and storage of the radioactive waste products 
[8]. 
This analysis of current world energy supply and demand, casts a seemingly grim 
outlook for future generations. However, one promising energy source remains 
for which a strong case can be made: nuclear fusion energy. 
 
1.2 Nuclear fusion  
Fusion is a natural phenomenon which has been present in nature since the 
earliest epochs, as the process which fires the stars. The sun provides light and 
energy to our world; energy from nuclear fusion. In the early 1930s scientists 
were able to perform a fusion experiment on earth for the first time [9]. Now 
they are trying to achieve self-sustained fusion reactions in a fusion reactor to 
produce electricity [10]. 
The physics behind fusion is relatively straightforward. It is a process that occurs 
between two atomic nuclei. Nuclei are positively charged and have strong 
repulsive forces which prevent them from readily moving closer together.  The 
nuclei must have a high energy in order to overcome this constraint and fuse 
together to form the fusion products which are always of slightly lower mass 
than the reactant nuclei [11].  
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The strong nuclear force is a short range attractive force that tends to bind the 
nuclei together. As the nuclei are positively charged they must have sufficient 
kinetic energy to overcome their mutual Coulomb repulsion. If they are able to 
do this, then the strong nuclear force may bind the nuclei together into a lower 
potential state, releasing energy in this process. The energy released in fusion is 
equivalent to the difference in mass of the reactant and product nuclei. The 
energy released is distributed amongst the fusion products, so as to conserve 
energy and momentum [11].This energy released can be calculated from 
Einstein’s famous mass-energy equivalency relationship [12], E=mc2. 
The viability of a fusion reaction (whether it is endothermic or exothermic) is 
determined by a consideration of the curve of the binding energy of the 
nucleons. Binding energy per nucleon is plotted in figure 1.3. 
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Figure 1.3. Binding energy per nucleon is explained in the above figure. Binding 
energy curve more appropriate for fusion reaction as the energy required to 
fuse to nuclei is low in that case  [11]. 
The hydrogen isotopes deuterium (D) and tritium (T) have the lowest binding 
energy per nucleon. The tendency for the binding energy to decrease with 
increasing nuclear mass above iron implies that, for heavier nuclei, fission rather 
than fusion will be energetically favoured (and therefore fusion does not occur 
for heavy elements.  
 
 
 
17 
 
For the Deuterium–Tritium reaction: 
D + T   >   4He + n                             Q=17.6MeV 
The repulsion energy associated with the Coulomb force between the deuterium 
and tritium nuclei is 370keV; however quantum tunnelling allows fusion 
reactions to occur at lower energies [11], [13].  
The probability of a fusion reaction occurring depends strongly upon the 
temperature of the fuel. From comparatively low temperatures, the fusion cross 
section increases with increasing temperature, until it reaches a maximum 
value, at a temperature of many hundreds of millions or billions of Kelvin 
(depending on the reaction being considered). As can be seen from figure 1.4, 
the DT reaction cross-section, peaks at a relatively low temperature of around 
70keV [11], [13], [14]. 
For the D-T fuel the cross section is several orders of magnitude higher than for 
other fuels at low temperatures. This fact makes it a best fuel choice for fusion 
reactors [14], as even raising fusion fuel to “low” temperatures, on these scales, 
is exceptionally challenging. The threshold temperature for the D-T reaction is 5-
10keV, which is very small compared to other reactions [15], [16]. 
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Figure 1.4. Reaction rate. [13]. This figure shows that the Maxwellian-averaged 
D-T cross section is several orders of magnitude higher than for other fuels at 
low temperatures. In addition, the threshold temperature for the D-T reaction 
is 5-10keV, which is very small compared to other reactions as we can see from 
the diagram.  
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1.3 Confinement of fuel  
Historically the major obstacle to fusion energy is that the temperatures 
required in order to achieve fusion prohibits the use of a confinement vessel in 
which the fuel is in direct contact with the vessel walls. This then raises the 
question:  how can the fuel be contained, if not by a containment vessel which is 
in contact with the fuel? [11], [12].  
Two key schemes have been proposed for fusion. Both of these schemes satisfy 
the power balance equations published by J.D. Lawson in 1957 [15]. These 
constraints are known as the Lawson criteria. According to Lawson, the α-
particle energy deposition from the D-T reaction must be sufficient to maintain 
the temperature of the burning plasma against all the loss mechanisms. The 
reaction cools down due to radiative and conductive heat loss [16], [16]. 
Furthermore, in order to be viable from a fusion energy perspective, the fuel 
must be confined for long enough that more energy is released than was 
required to heat the fuel to the point of ignition [18]. The Lawson criterion, 
which sets the boundary conditions for viable fusion energy release, is stated as 
 where ne is the electron number density per cubic 
metre and  is the plasma confinement time in s. The precise minimum value of 
the product required for viable fusion is dependent upon the burn temperature; 
the minimum of ~ 1.5x1020 s/m3 being reached at a burn temperature of around 
25keV. 
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The first apparently viable confinement scheme was proposed in 1951. This 
employs magnetic fields to confine the fuel, and is therefore referred to as 
Magnetic Confinement Fusion (MCF). MCF is a fusion process where the plasma 
particles are constrained to move along the magnetic field lines. The ITER 
tokomak is a toroidally shaped reactor which uses close field geometry [17]. The 
magnetic field lines form rings around the toroid. Plasma particles move along 
these orbital field lines and remain confined, thereby avoiding contact with the 
walls. In this type of fusion process strong magnetic fields are used to confine 
low density plasma (~1014 cm−3) for long periods of time (many seconds or 
minutes) [19], [18].  
In 1960 the first laser was constructed. The idea of achieving fusion ignition with 
lasers was proposed by John Nuckolls a few weeks after the laser was first 
invented, although the idea was not published openly until 1972 [13]. This 
approach to fusion is called inertial confinement fusion (ICF) because there is no 
external force applied to confine the fuel; Lawson’s criteria is satisfied by the 
confinement that results from the fuel’s own inertia *11].  
ICF relies upon the burn rate in highly compressed fuel being sufficient that 
sufficient energy is released in the time over which the inertia keeps the fuel 
together. Fuel can be compressed to very high densities, more than 1000 times 
the original density of the fuel by the application of intense radiation in the ICF 
scheme [19].The fusion reaction rate increases with the square of the fuel 
density [21].  This enables the scheme to satisfy Lawson’s criteria, even though 
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the time scale of the fusion burn may only be a few tens of picoseconds [15], 
[26]. 
 
1.4 Basic process of Inertial Confinement Fusion 
In spite of a number of variations on the scheme since it was first published in 
1972, the essentials of the inertial confinement fusion process remain the same 
now as they did then. Fuel is compressed by energetic beams to achieve the 
required densities and temperatures for ignition [22].  
In ICF the DT fuel is contained in a small spherical fuel capsule, on the order of a 
millimetre in radius. This consists of three regions, a low atomic number surface 
region, known as the ablator, a layer of solid DT-ice fuel, and then, occupying 
most of the volume, a central region of DT gas. For a typical ICF implosion the 
target will undergo four phases, the first two of which occur concurrently: 
ablation, compression, ignition and burn [23]. The ICF capsule is symmetrically 
irradiated by a driver which can be a laser, X-rays or ion beams [20]. The outer 
surface of the fuel capsule heats up and ablates outward. The surface heating 
also generates shock waves which propagate inward, accelerating the shell in 
what can be seen as a rocket-like reaction to the ablative expansion of the 
outermost layers of the capsule. A number of spherically symmetric shocks must 
be launched in order to achieve high compression. The shocks are carefully 
timed in order to keep the fuel at low entropy; excessive fuel entropy limits 
compression. The fuel typically implodes over a period of several tens of 
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nanoseconds, finally reaching extreme densities. The increasing pressure in the 
central region causes the shell implosion to stagnate. At the time of stagnation 
the central region comes into pressure equilibrium with the shell that is 
imploding around it: the pressure exerted by the hot central region comes to 
balance that of the much colder, denser imploding fluid. The compressive 
heating of the central region by the surrounding shell results in the formation of 
a hotspot at the centre of the fuel, and it is in this region that the ignition occurs 
[11], [20]. If a uniform implosion is achieved, a compressed fuel profile much like 
that shown in figure1.5 is attained. 
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Figure 1.5. shown here is the central hot spot scheme’s fuel configuration, 
density (ρ) and temperature (T) profile of a conventional central hot spot 
inertial confinement fusion target [21]. 
The sequence of shock waves and compression heats the central gas fill from 
around 500eV to 10keV in the final few hundred picoseconds of the implosion. 
This exceeds the threshold temperature for ignition in the DT mixture [11], [12].  
These temperatures, achieved by compression, are high enough to start the 
ignition process. Alpha particles and neutrons are generated in this hot region of 
DT plasma. The overwhelming majority of the neutrons escape from the surface 
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of the target without depositing a significant fraction of their energy [17].   The 
range of alpha particles is very small [11]  0.3g/cm2 however, and so these are 
likely to be stopped by the surrounding fuel and redeposit their energy into the 
hot spot, provided that the hotspot density-radius product is somewhat greater 
than the alpha particle range. This results in self-heating of the hotspot, 
otherwise known as boot-strapping [18], [20]. The further heating results in 
enhanced alpha particle production, and further heating, until the hotspot is 
burning violently. Burn can then spread into the surrounding dense fuel.  
Capsules proposed for power production may produce gains in excess of one 
hundred and yields of hundreds of Mega-Joules, the key to high gain being that 
the bulk of the fuel heating is performed by the propagating burn wave rather 
than by the driver [17], [22]. 
A major challenge to the successful implosion of an ICF capsule is the Rayleigh-
Taylor instability (RTI). Non-uniform irradiation or a non-uniform target surface 
will result in the growth of the Rayleigh Taylor instability. This is the instability 
which occurs when a light fluid pushes on, or supports, a denser fluid, resulting 
in characteristic bubble and spike growth at the interface. The Rayleigh-Taylor 
instability can potentially inhibit the successful formation of the central 
hotspot/surrounding dense fuel configuration previously described [17]. 
Rayleigh-Taylor instabilities may grow during two distinct phases of an ICF 
implosion: 
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1. During the acceleration phase, when the driver interacts with the outer 
surface of the target. The pressure peak lies in material that is less dense 
than that which is being driven inward- so the configuration is Rayleigh-
Taylor unstable [11], [17], [20].  
2. At the end of the implosion, these instabilities can grow at the interface 
between the dense fuel and the hotspot, when the less dense material is 
decelerating the surrounding denser fuel that is imploding into it [11].  
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Figure 1.6. The Rayleigh-Taylor instability occurs at the outer shell surface in 
the acceleration phase and at the inner surface in the deceleration phase. The 
instability can lead to shell breakup and quenching of the fusion burn by 
mixing of the cold shell material and the heated DT gas [22]. 
The thickness of the fuel shell relative to the overall capsule radius is an 
important ratio in regard to maintaining the integrity of the fuel during the 
implosion process [11]. Excessively thin fuel layers tend to be insufficiently 
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robust to survive disruption by the RTI. So, in addition to ensuring a uniform 
drive, and capsule surface, the ICF capsule designer also has some freedom to 
make a capsule more robust to the RTI by increasing the fuel layer thickness 
relative to the overall capsule radius [10].  
 
1.5 Schemes for Inertial confinement fusion 
Two distinct schemes are employed in inertial confinement fusion, direct and 
indirect drive. With direct drive, the laser or particle beam driver is applied 
directly to the fuel capsule surface. In the case of indirect drive, however, the 
driver energy is first converted into thermal x-rays, and it is these x-rays which 
drive the implosion [17], [21]. We shall consider each of these two schemes in a 
little more detail. 
 
1.5.1 Indirect drive  
In this scheme, the ablation of the fuel target is driven by thermal radiation 
emitted by the walls of a cavity, otherwise known as a hohlraum, rather than 
being illuminated directly by energetic laser beams (or other directed radiation 
sources) [11]. 
The target capsule is suspended within the “hohlraum”. The walls of this cavity 
are in an approximate state of equilibrium with the radiant energy in the void 
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regions of the cavity. The hohlraum is typically cylindrically symmetric, with the 
capsule placed centrally, and laser beams emerging from laser entrance holes on 
the flat ends of the cylinder, to illuminate the inner surface of the curved walls, 
symmetrically about the cylinder axis. [22]. The hohlraum walls are typically 
made of some combination of high-Z materials, such as gold and uranium. These 
materials have a high opacity to the thermal radiation field present in the 
hohlraum, and this keeps radiative heat losses to a minimum [23]. The 
temperature of the hohlraum can be determined by a power balance analysis 
involving the incoming laser power, and the radiative heat losses to the wall, 
laser entrance holes and capsule surface [24]. A fraction of the X-rays generated 
at the wall heat up the surface of the fuel capsule resulting in its implosion, 
ignition and burn as previously described [21] 
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Figure 1.7. Shows a NIF target pellet inside a hohlraum capsule, laser beams 
entering through the openings on both sides of the hohlraum cavity and heat 
the walls of the cavity. Radiations are emitted from the walls in the range of 
soft X-rays (hohlraum acts as a black body). The radiation beams emitted from 
the walls of the cavity compress and heat the target to acquire the necessary 
conditions for ignition [22].  
Conversion of laser light into x rays has the advantage of removing the capsule 
surface from any spatial non-uniformities present in the laser beam, or which 
would be present as a result of overlapping the beams at the capsule surface. 
However the laser spots must be carefully placed on the hohlraum wall, and the 
hohlraum wall sufficiently far away from the capsule, that the radiation field 
experienced by the capsule is not unduly perturbed by the laser hotspots on the 
hohlraum wall. These laser interaction regions are out of radiative equilibrium 
with the rest of the hohlraum. By removing the laser interaction regions from 
the capsule surface, indirect drive can potentially be more robust against the RTI 
than direct drive, however a substantial fraction of beam energy is lost in this 
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process. Most of the energy of the driver actually goes into heating the 
hohlraum walls, rather than imploding the capsule [25]. 
                               
(a)                                                     (b) 
                                        
(c)                                                       (d). 
Figure 1.8. Indirect drive sequence a) Laser beams rapidly heats up the inner 
walls of the cavity. b) X-rays from the walls of the hohlraum irradiate the 
surface of the capsule fixed at the centre of hohlraum and implode the fuel. c) 
The core of the fuel target ignites, a burn wave propagates outwards from the 
centre of the target . d) Burn spreads through the compressed fuel [17], [22]. 
This scheme is not very practical from an energy production standpoint because 
of this inherent inefficiency and also because of the complexity and cost of the 
integrated hohlraum/fuel capsule targets [17]. 
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1.5.2 Direct drive implosion 
In a direct drive inertial confinement fusion implosion, fuel capsule is directly 
heated by the intense energetic beams (either laser beams, ions or electrons), 
usually a very large number of high intensity pulsed laser beams of equal 
intensities are focused onto the target surface, resulting in a symmetrical 
ablation pressure at the fuel capsule surface[11], [17], [20].      
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Figure 1.9. Central hot spot inertial confinement fusion [26]. 
The main advantages of direct drive are clear from the preceding section on 
indirect drive. It is efficient; and it uses a simple and therefore relatively 
inexpensive target. The downside of this, compared to indirect drive, is that such 
targets are far more susceptible to laser non-uniformities driving the RTI. 
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1.6 Central hotspot vs. Fast Ignition 
So far we have only discussed approaches to ICF which proceed by so called 
“central hotspot ignition” *11+, [20].  As previously mentioned, at stagnation, the 
pressure is balanced between main fuel and hot spot, therefore such schemes 
are sometimes labelled “isobaric” [20]. 
Central hotspot ignition requires energy in the Mega-Joule range to start the 
ignition process; the reason for this is that the efficiency of the fuel heating is 
very low (~1%). In addition this approach is challenging since it requires that 
substantial attention be paid to avoiding the RTI [11].  
This inherent inefficiency and the very demanding symmetry requirements 
make the central hotspot ignition process a poor candidate for energy 
production [19].  
In 1994 another scheme was proposed. In this scheme the compression and 
heating phases are separated [6], and ignition occurs in non-isobaric fuel. Such 
schemes are termed “fast ignition” schemes. Fast ignition concepts aim to both 
improve fuel heating efficiency, and also to reduce susceptibility to the RTI. It is 
this fast ignition approach, which will be described in more detail in the next 
chapter, that provides the basis for the research described in the remainder of 
this thesis. 
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The Role of the Author 
The role of the author was to analyse the electron spectroscopy data taken in 
the experiment that is outlined in Chapter 3 of this thesis, in order to produce 
the results and analysis that is to be found in Chapter 4. The experiment itself 
was performed by the author’s colleagues from the University of York, as well as 
collaborators from the Rutherford Appleton Laboratory and the University of 
California San Diego. The experiment was further supported by expertise and 
resources from St Andrews University, the Lawrence Livermore National 
Laboratory and General Atomics. The experiment was designed by my 
supervisor, Dr John Pasley, and the related K-α analysis has been performed by 
my fellow student at the University of York, Mr Ian Bush.  
At the time of writing a publication resulting from the experiment outlined in 
Chapter 3 has been drafted and circulated amongst co-authors in preparation 
for submission to Physical Review Letters: 
Effect of Defocusing on Picosecond Laser-Coupling into Gold Cones, I. Bush, L. 
Gartside, S. Sarfraz, E. Wagenaars, J. Green, M. Notley, H. Lowe, C. Spindloe, T. 
Winstone, A. P. L. Robinson, R. Clarke, T. Ma, T. Yabuuchi, M. Wei, F. N. Beg, R. 
B. Stephens, A. MacPhee, A. J. MacKinnon, M. H. Key, W. Nazarov, and J. Pasley, 
being prepared for submission to Phys. Rev. Lett., [2011] 
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Chapter 2 
 
2.0 Fast Ignition 
 
 
As we have discussed in the first chapter, for conventional ICF the target should 
be highly symmetrical, it also requires high ablation pressure symmetry. On the 
basis of this scheme scientists in Japan and USA were able to perform 
experiments in the 1980’s using the Gekko XII laser that achieved a fuel 
compression of about 600g/cc [1]. However, they were unable to assemble 
sufficient fuel, or raise it to a sufficient temperature, that the ignition criteria, 
discussed in Chapter 1, could be met. The target symmetry and the ignition 
energy requirements make it difficult to achieve ignition using the conventional 
central hot spot approach [1]. 
These difficulties have made the scientists consider many routes to improving 
the basic central hotspot ignited ICF target design, and have also focussed 
efforts upon other areas, such as the improvement of laser beam quality. As 
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with the original idea of ICF, it was a development in technology that suggested 
a key breakthrough. This technological achievement was the development of 
petawatt lasers. The development of these ultra-short pulse petawatt lasers 
opened up new possibilities to those interested in laser driven fusion research , 
[2]. 
In 1994 Tabak et al proposed an idea that was quite distinct from the 
conventional central hot spot approach to ICF. This scheme separates fuel 
compression from fuel heating. They named it fast ignition. Fast ignition is an 
attractive scheme which relaxes not only the symmetry requirements of the 
target capsule implosion, it also promises to relax overall driver energy 
requirements [3].  
The fast ignition scheme potentially reduces the required energy for ignition by 
aiming to produce a hotspot in a manner that is substantially more efficient than 
the compressive approach employed in the central hot spot scheme. 
Furthermore, it aims to achieve ignition in fuel that has been assembled to 
lower densities. If we look at the figure 2-1 [4], [5] then we can see that in the 
case of fast ignition, the density and ablation pressure requirements are low as 
compared to the conventional hot spot ignition. It is also apparent that whilst, at 
the end of the implosion, the conventional ICF target has two distinct regions of 
temperature, this is not the case with the fast ignition target (at least ideally). In 
fast ignition, the ignition driver requirement is low for two reasons: firstly this 
scheme aims to ignite by a mechanism that is more efficient than compressive 
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heating; secondly it aims to ignite in denser fuel, which results in a smaller 
hotspot mass, as compared to the conventional central hot spot scheme, as we 
can see from figure 2.1. We can understand this by a simple relationship. We 
know that for ignition the hotspot must have ρr > 0.3g/cm2 [5]. If the hotspot is 
roughly spherical (a not unreasonable approximation), then this implies that a 
high density hotspot can reach the ignition with a substantially lower mass, 
since, M=4/3 ρ πr3. This further implies that the energy required to heat that 
mass is much reduced. 
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Figure 2.1. The difference between the two schemes for hot spot generation 
and the achievement of ignition is shown schematically with (a) representing 
conventional hot spot ignition and (b) showing fast ignition [6]. In the 
conventional hot spot ignition case, a hot spot is formed at the centre of the 
DT capsule by the converging shell. This results in isobaric conditions. In the 
case of the fast ignition, all of the fuel is compressed to a similar density, and a 
fraction of the DT is heated by an external source (the ultra-intense laser) to 
form the hot spot. This hotspot is then out of pressure equilibrium with the 
surrounding fuel [9]. 
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The characteristic trajectories of the thermodynamic quantities in the hot spot 
and in main fuel are shown in Figure 2.2. Isobaric and isochoric compression 
model are respectively used to describe the behaviour of the fuel during the 
ignition [25]. 
 
Figure 2.2. Isobaric and isochoric compression model are respectively used to 
describe the behaviour of the fuel during the ignition in conventional central 
hotspot ignition and fast ignition [25].  
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Fast ignition requires an ultra-short petawatt laser pulse to heat a region near 
the surface of the dense fuel blob to ignition conditions, and so start a burn 
wave propagating across the imploded fuel [2]. The spatial scale of the hotspot, 
and the time available for the heating dictates that the focussed laser intensity 
must be upward of 1020W/cm2. There are two basic schemes for fast ignition, 
the hole-boring and the cone-guided schemes. Both of these schemes aim to 
circumvent the major barrier to fast ignition, which is that the igniter laser can 
only propagate to the point where the laser frequency equals the electron 
plasma frequency. This density is usually thousands of times lower than the 
density of the compressed fuel, where the laser must deposit its energy [6]. This 
so called critical density surface is also usually separated from this dense region 
by a substantial distance (hundreds of microns). 
 
2.1 Hole-boring scheme or self-focusing scheme   
This is the scheme which was originally proposed by Tabak et al, and it is based 
upon boring a hole through the under dense plasma that surrounds the dense 
fuel core using the light pressure of an intense laser pulse. This scheme can be 
most easily explained if we divide it into three phases [7], [8], [9]. 
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1) Compression 
2) Hole boring 
3) Ignition  
The first phase is the same compression phase as occurs in the conventional 
central hotspot ICF, however shock strengths and implosion velocities are 
limited such that the central hotspot is rather cold by comparison, and the 
imploded densities are also limited. In the second phase of the hole boring 
scheme, a short pulse laser beam (usually ~100 ps in duration) ‘drills’ a hole 
through the under dense plasma surrounding the dense fuel core. This hole acts 
as an open channel which is relatively free of plasma for the ignition pulse to 
reach the pre-compressed fuel with minimum energy loss. In the third phase an 
ultra-short pulse with a power in excess of a petawatt is used to ignite the fuel 
[7]. The ignition pulse interacts with the under-dense plasma near the dense 
region at the far end of the channel that has been bored by the preceding hole-
boring pulse. Relativistic electrons are generated during this interaction and are 
ejected from the region at the end of the channel. A significant fraction of these 
electrons then deposit their energy into the dense fuel, creating a hotspot and 
triggering the ignition of the imploded fuel mass.  The igniter pulse is timed to 
coincide with the achievement of maximum fuel ρR, to an accuracy of a few 10s 
of ps. It is estimated that ignition of fuel is possible if approximately 10kJ of 
energy is delivered to a compact hot spot at the edge of the dense fuel mass in 
10ps [10]. This time period is set by the disassembly time of the hot spot [11].  
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A number of issues relating to the hole-boring scheme remain to be resolved. It 
is difficult to control the hole-boring laser pulse while it is passing through the 
coronal plasma [12]. It has been observed that in many cases the laser light has 
a tendency to break up into a number of filaments and be scattered away from 
the dense fuel [3], [11]. In terms of the scheme as a whole, significant work still 
needs to be done to understand how to generate a path through the corona 
which remains free of plasma for sufficient time that the igniter energy can 
reach the core without excessive energy loss [13] 
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Figure 2.3. Laser hole boring scheme [14]. 
The hole boring scheme is based on three stages, 1st the fuel is compressed in 
same way as in conventional hot spot ICF. A short-pulse laser beam delivers 
energy just prior to the time of maximum compression to bore a channel (n < 
nc) through the ablated part of the capsule (hole boring phase). A second 
shorter laser pulse (PW laser pulse) aligned with the boring laser propagates into 
the channel created by the 1st laser, to the hot core of the fuel. This fast transfer 
of laser energy to the compressed fuel occurs via very energetic electrons which 
are created when the laser interacts with the corona surrounding the hot core, 
called suprathermal or fast electrons. These electrons propagate to the core of 
47 
 
                                                                                                                                                              
the pre-compressed capsule and deposit their energy. This rapid heating 
increases the temperatures of hot spot in the fuel and ignition starts [9]. 
These issues are very important to resolve for a successful hole-boring scheme. 
Scientists are still struggling to resolve these problems.  
A few years after Tabak et al’s original proposal, researchers developed another 
scheme in which a high-Z cone is imbedded into the surface of the fuel capsule, 
providing a plasma free path to the dense core. This scheme of fast ignition is 
referred to as the cone-guided fast ignition scheme [15]. 
 
2.2 Cone-guided  fast ignition 
The cone-guided fast ignition scheme uses a hollow cone to provide a path for 
the ignition laser pulse to reach the dense fuel without having to interact with 
the under-dense coronal plasma. The capsule is imploded to form a dense fuel 
blob sitting just forward of the tip of the cone as shown in the figure [15], [16], 
[17]. The ignition laser beam is then focused onto the interior of the cone tip.  
The relativistic electrons then need only traverse the cone tip and the relatively 
short distance of dense plasma between the cone tip and the densest regions of 
fuel [13], [18]. 
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Figure 2.4. Cone guided target [19].the target consist of a hollow gold cone 
with a closed tip, embedded into the side of a DT filled spherical fuel capsule.  
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Figure2.5. When the laser pulse interacts with the walls of the cone, plasma is 
created inside the cone and fast electrons are generated. The electrons 
generated inside the cone have to travel only a few tens of micrometres from 
the cone tip to reach the compressed fuel, igniting it at the time of stagnation 
[20]. 
Fast electrons generated inside the cone have a tendency to be conducted along 
the walls of the cone. Some hope that the conical geometry, combined with the 
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influence of self-generated electrical and magnetic fields can enhance the fast 
electron density at the tip of the cone [17]. Although some experimental results 
raise question marks about the guiding effect of the cone, this is an area that is 
still poorly understood [21]. 
 
2.3 Hot electron generation and transportation in short pulse 
laser- solid target interaction 
A knowledge of the mechanisms of hot electron generation and transportation 
in short pulse laser-plasma interactions is very important if we are to 
understand the complete physics of fast ignition. In fast ignition it is these 
electrons which transport energy to the pre-compressed core and trigger 
ignition [22]. Scientists are still struggling hard to understand the mechanisms of 
electron generation and transportation in short-pulse laser-plasma interactions 
with solid targets; the facts remain ambiguous [3].  
When the igniter pulse interacts with the background plasma energetic 
electrons are generated due to several different heating mechanisms. As these 
electrons move further into the bulk target, strong electric and magnetic fields 
are generated due to the motion of the electrons which in turn affect those 
electrons which are entering the target. Self-generated electric and magnetic 
fields can act both collimate the electrons and also to prevent them from 
entering the target [23]. 
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The Laser beam intensity is the key parameter in determining which 
mechanisms of electron generation and transportation will occur in the target. 
At the intensities relevant to fast ignition, the dominant mechanism is 
ponderomotive acceleration. Electrons aquire MeV energies and move with the 
velocities approximately equal to the speed of light. The energetic electrons 
propagate into the dense plasma. Ideally, the majority of these hot electrons will 
be stopped in the dense plasma within the necessary ρR to form a compact 
hotspot. These fast forward moving electrons are compensated either by the 
cold return current or by refluxing of the energetic electrons. The generation 
and transportation of electrons is effected by a range of factors including [2]:  
1) Laser beam intensity. 
2) Laser beam incidence angle. 
3) Polarization. 
4) Plasma scale length. 
5) Target material. 
 
As, in the experiments discussed later, we are dealing with such high power 
short pulse laser beams interacting with solid targets, it is appropriate to discuss 
some of the relevant phenomenal. 
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2.4 Ponderomotive acceleration 
In case of laser intensities of relevance to fast ignition, electrons are accelerated 
under the action of laser pondermotive pressure [3]. The laser electric field 
exerts a force perpendicular to the direction of laser incidence [19]. The 
magnetic field, on the other hand, exerts a force in the laser incidence direction 
[20]. The magnitude of the force of the magnetic field is equal to that of the 
electric field when v/c~1 [3]. The combined effect of these forces produces a 
longitudinal component to the pondermotive force which acts to accelerate 
electrons along the laser propagation path [2]. This forward going component to 
the electron acceleration is critical for fast ignition since it results in electrons 
being accelerated toward the dense fuel core. 
 
2.5 Ohmic inhibition and heating 
When laser light hits the target the energy is transferred from laser light to 
relativistic electrons. As these electrons penetrate into the target, they generate 
a charge imbalance and consequent electric field. The energetic electrons have a 
long mean-free-path, and so are not directly affected by the resistivity of the 
background fluid. However the electric field draws a return current of electrons 
from the background plasma. These electrons have a temperature characteristic 
of the plasma background (few hundred eV to few keV) and therefore are 
affected by the resistivity of the fluid. This results in Ohmic heating of the fluid. 
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However the self-generated E-field of the relativistic forward going electrons can 
reach such a magnitude that it inhibits the forward flow of energy into the 
target. Over longer time scales self-generated magnetic fields can also grow to 
the point of inhibiting energy flow [24]. 
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Chapter 3 
3.0 Electron Spectroscopy 
 
  
A range of diagnostic techniques have been used so to investigate the 
phenomena of electron generation and transport relevant to the fast ignition 
scheme for ICF. The most important component of the fast ignition process is 
the transfer of energy from the intense laser to the fuel. In case of the fast 
ignition, the fast forward moving electrons transport energy to heat a portion of 
the compressed fuel core to high temperatures.  Although a number of different 
types of targets and diagnostics have been employed to date to investigate the 
phenomena of energy transfer, a number of issue still remain unclear [1]. 
Low mass targets are interesting as they can be tackled in their entirety by 
detailed numerical modelling [2]. The foil targets can be used to show the 
divergence of the energy transport which leads to poor coupling to the core in a 
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FI experiment. The divergence of the electrons is hard to model as the 
divergence of the fast electron emitting from the target in critically influenced 
by the characteristics of the electron source [2]. Thin foil targets require a very 
high contrast ratio between laser main pulses and pre-pulse, approximately 
<1010.  Otherwise a high intensity pre-pulse could launch a shock wave that can 
destroy the target before the main pulse of the laser arrives [3] also significant 
pre pulse can generate pre-plasma at the target front surface which can 
substantially affect the electron generation and transport [4] Experimentally, 
this effect can be reduced by using a plasma mirror which can control the pre-
pulse [3]. It has been seen in many experiments that the emitted electron beam 
radius rapidly becomes much greater than the incident laser focal spot. This 
shows that the electrons are emitted with a large divergence angle [5]. If the 
divergence angle is too large then the required laser pulse energy is very high to 
ignite the fast ignition fuel [6].  
A cone wire target with a thin wire is also a relatively simple geometry for 
numerical modelling, although the total mass of the target including the cone is 
too great to enable comprehensive PIC modelling to be employed [2].  A number 
of experiments have been employed to date so far employing cone attached 
wire targets to investigate the generation and transportation mechanisms of 
fast electrons in high energy laser solid interaction. it is not possible to discuses 
all of them but we will briefly discuss a few experiments in which cone wire 
targets were employed to investigate the electron transport. 
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If we have a look on the cone wire experiment done by J.A. King et al the 
analysis shows that the hot electrons have a Maxwell–Boltzmann distribution 
function [7]. These hot electrons are ejected into the axial length of the wire 
attached to the cone. Results shows that the hot electron current must be 
compensated by cold return current, this cold current contributes to heat the 
wire by Ohmic heating [8]; at the same times it creates a potential which 
strongly resists the  axial penetration of hot forward electron current [9]. 
The experiment discussed in this thesis was performed in November-December 
2008 at the Rutherford Appleton Laboratory using Vulcan Petawatt Laser.  
Vulcan is a neodymium doped glass laser. The Petawatt arm of the Vulcan 
system is a chirped-pulse amplified beam line capable of delivering ~ 600 J in ~ 
1ps , focused using a f/3 parabolic mirror to an 8µm (FWHM) spot to achieve 
peak intensity on the order of  ~1021 W/cm2 [10]. 
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Figure 3.1. Figure explains the dimensions of the gold cone and the wire 
attached to the cone. 
Gold cone-wire targets, as illustrated in figure 3.1, were used in the experiment. 
The length of the cone walls are 1.5mm with a thickness of 20µm and a 200 half 
angle. Forty micron diameter copper wires of different lengths were attached to 
each cone to investigate the transport of fast electrons forward of the cone tip.  
The chamber setup for the following experiment is shown in the figure 3.2. 
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Figure 3.2. The chamber setup shows different diagnostics are fielded. 
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Figure 3.2 shows that Cu-Kα crystal diagnostics were set up, as well as a 2D 
crystal imager, a pair of HOPG (highly oriented pyrolitic graphite) spectrometers 
and a single photon counting CCD camera. The other primary diagnostic used 
were an optical probe and an electron spectrometer. A pair of X-ray pinhole 
cameras were also fielded. The analysis performed by the author that is 
presented in detail in this thesis is based entirely upon the data collected by the 
electron spectrometers. The nature of some of the other diagnostics fielded, 
and their purpose, is mentioned briefly below. 
 
3.1 K-α diagnostics 
3.1.1 HOPG Spectrometer 
A pair of highly oriented pyrolytic graphite (HOPG) spectrometers with Fuji Film 
image plate (IP) detectors are fielded to record the variations in K-α spectra as 
the focus position of the laser is changed. The HOPG spectrometer is placed 
such that it views the emission from the front of the target. The image plate is 
covered with 5µm of aluminium foil to avoid direct exposure of visible light to 
image plate. The whole assembly is placed inside a lead housing to reduce the 
background noise due to the x-rays scattered from the walls of the target 
chamber [11]. 
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3.1.2 Cu K-α crystal imager 
A spherically bent Bragg crystal is employed to image the K-α emission from the 
wire onto an IP. This diagnostic gives information about the hot electron 
spectrum present inside the solid target, by examining the manner in which the 
intensity of the emission varies with depth (distance along the wire) [12], [13]. 
 
 3.2 Single Hit CCD 
An absolutely calibrated single hit CCD was used to measure the absolute K-α 
yield on each shot. The camera used was a Princeton Instruments SX1300 
camera, with a pixel size of 20µmx20µm and a total area of 1300x1340 pixels 
[14]. The role of this diagnostic is principally as a calibration device for the HOPG 
spectrometers and K-α crystal imager, permitting the signal strength from each 
to be related to an absolute intensity of K-α emission. 
 
3.3 Electron spectrometer 
The electron spectrometer is aligned such that it looks straight down the axis of 
the cone wire from the target rear surface. A collimator is fixed at the entrance 
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of the spectrometer [14] which blocks electrons from entering the spectrometer 
other than from the direction of the target [15]. When these electrons enter into 
the magnetic field inside the spectrometer body, they disperse according to 
their energies and hit a strip of image plate [16]. The spectrometer is carefully 
designed to provide a cylindrical volume of uniform field strength [15]. Electrons 
then follow the Larmor motion as determined by their kinetic energy. Electron 
with different energies will then strike the image plate at different locations 
providing a spectrally dispersed record of their intensity [15]. 
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Figure 3.3. Electron spectrometer. Shows entrance (collimator), magnetic coil 
and image plate. 
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3.4 Image Plates (IP) 
Image Plate (IP) consists of a phosphor image sensor which is designed to 
replace X-ray film [17]. IP has wide applications in X-ray detection and imaging 
due to its properties: wide dynamic range (~105), high detective quantum 
efficiency (DQE) and better linearity and sensitivity compared with photographic 
film. It has high sensitivity (defined as PSL intensity per electron) [18]. IP is not 
affected by the electromagnetic pulse noise while the detectors with electrical 
circuits could be affected by the strong electromagnetic pulse [1].Image Plates 
separate two basic operations: recording the radiation dose and reading the 
data. The sensitive electronics are confined to the reader, which can be located 
remotely away from the experiment, where it will not be at risk [19],[20].  
IP is composed of a protective layer, a photo stimulated phosphor layer and a 
support. [20].The thickness of protective plastic layer can vary from 0 to 10 μm 
according to application because the thickness affects the intensity of radiation 
reaching the active areas. Naked Image Plate is used for low intensity radiation 
[21]. The effective component of IP is a photo-stimulable phosphor layer. The 
thickness of this layer can be varied between 50－180 μm [21] and is composed 
of cubical ion crystal BaFX:Eu2+ (X = Cl, Br or I, typically X = Br0.85I0.5) [19]. The 
support of an Image Plate also varies according to the needs of an experimental 
setup. IP records the electron radiation because of its photo-stimulatable layer 
[21].  
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The raw data collected on an image plate is QL data, a converter is used to 
convert this data into PSL level. The PSL level is calculated as (according to the 
formula given by Fuji Film Corporation) [19], [22] : 
PSL = (pix/100)2 x 4000/s x 10 L(QL/G - 0.5) 
Where, pix is size of pixel (in um), S is the sensitivity, and L is the exposure 
range, QL is the gray scale value of the pixel of interest, and G is the depth of the 
scan [22]. 
Once the data is stored on Image Plates one should consider the fading effect of 
Image Plates, which causes the signal that will be measured by the reader to fall 
over time after the plate has been exposed. For this reason all the image plates 
used in the experiment are scanned at similar times after the laser shot has 
taken place. Direct exposure of image plate to visible light can also affect the 
data stored on IP, and is therefore carefully avoided [21]. 
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Chapter 4 
4.0 Results and analysis 
 
 
In chapter 3 the use of a magnetic spectrometer to record electron emission from 
the laser interaction with a cone wire target was described. In this chapter the 
conversion of the recorded signals into electron spectra will be discussed, and these 
spectra will be analysed to gain some insight into the effect of defocussing the laser 
in such targets. 
4.1 Data Analysis 
 When the IP scanner is employed to read the information stored on the image 
plate, an image file similar in appearance to that shown in figure 4.1 is produced. 
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Figure 4.1. Shows the raw (QL) data stored on image plate. The red box indicates 
the region on the image plate where the electrons strike the image plate. 
Electrons with high energies have a smaller deflection angle whereas the 
electrons at low energies are deflected at a larger angle.  
This data is converted into PSL (photo stimulated luminance) level by applying the 
formula given in Chapter 3. A lineout is then performed along the data contained in 
the signal region indicated in figure 4.1.  
Distance (along x axis) is taken as number of pixels per unit length, which is 
converted into a unit of length by multiplying the number of pixels with 264.8mm, 
from a knowledge of the physical dimensions of the IP. The spectral dispersion in x 
can be obtained by using the analytical formula for the deflection of the electron in 
a circular, uniform magnetic field [1].  
 
Where rL is the electron Larmor radius and rb is the effective radius of the 
magnetised region, hence: 
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Where Bmax is the value of the magnetic field used in the spectrometer which is 
known on the basis of the instrument settings used in the experiment and previous 
measurements of the magnetic field vs. current relationship for the diagnostic. 
Knowing the deflection angle θ, the location at which the electrons of a particular 
energy will arrive at the IP can be determined from knowledge of the geometry of 
the spectrometer housing. 
X-rays, gamma rays and electron with very high energies pass straight along the 
spectrometer axis and form a highly exposed “straight-through” signal on the IP. 
Electrons with lower energies deviate substantially from the straight line path under 
the influence of the magnetic field and hit the image plate at a location 
corresponding to their energy. Previous investigations have shown that, for these 
particular image plates, 1PSL corresponds to approximately 50 electrons. 
The software Image-J is used for analysing the data. An important factor which 
should be considered while taking the lineout data along the image plate is the 
background signal level. As can be seen from figure 4.1, the background signal level 
is highly non-uniform due to a range of high energy radiations penetrating the 
spectrometer housing and exposing the IP directly. The structure of the 
spectrometer housing is non-uniform, when projected against the IP, so the 
background presented presents substantial spatial variability. Therefore a careful 
background subtraction must be performed as a first step in the analysis. 
Following the extraction of the electron spectra as described above, the high energy 
tail of the distribution (such as is visible above the background noise) is then fitted 
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to a relativistic Maxwellian energy distribution function of some temperature T. At 
relativistic velocities the distribution of particles takes on a form described by the 
Maxwell-Juttner relationship: 
 
Where v/c, kT/mc2,  is the Lorenz factor and K2 is a modified Bessel function 
of the second kind. This relationship allows for the fact that electrons gain mass as 
they approach the speed of light, c, and that their velocity cannot exceed c. 
We then correlate the slope temperature obtained from the data to the extent of 
the laser defocus. In what follows the convention that we will use in describing the 
focus position is that –ve defocus refers to the laser reaching a focus within the 
cone, +ve defocus, conversely refers to the laser reaching a virtual focus beyond the 
cone tip (e.g. at some point along the wire). The displacement of focus is always 
along the axis of symmetry of the cone, and is measured from the inner surface of 
the cone tip. Furthermore, since the laser energy was quite variable from shot to 
shot, we have labelled our results according to whether they represent high energy 
shots, with an energy in the range 600 - 670 J, medium energy shots, with an energy 
in the range 540 - 600 J, or low energy shots with energies between 480 and 540 J.   
4.2 Results 
Below we show the fitted data for every shot in which analysable data was 
obtained. In each case, linear regression analysis is employed to fit the “best fit” 
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temperature to data. The other two curves, representing the highest and lowest 
temperatures that seem compatible with the data, are adjusted by eye according to 
the judgement of the author. 
 
Figure 4.2. Relativistic Maxwellian fits to the data from a cone-wire target in tight 
focus. The best fit temperature was 3.45MeV. The energy for this shot was 579.0J 
(medium energy shot).  
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Figure 4.3. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser in tight focus at the tip. The best fit temperature was 2.27MeV. The 
incident energy for this shot was 564.4J (medium energy shot). 
 
Figure 4.4. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser in tight focus at the tip. The best fit temperature was 3.1MeV. The 
incident energy for this shot was 628.2J (high energy shot). 
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Figure 4.5. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 800µm before the tip. The best fit temperature was 2.254MeV. 
The incident energy for this shot was 660J (high energy shot). 
 
Figure 4.6. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 600µm before the tip. The best fit temperature was 3.07MeV. 
The incident energy for this shot was 54.8J (medium energy shot). 
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Figure 4.7. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 600µm before the tip.. The best fit temperature was 1.8MeV. 
The incident energy for this shot was 484.8J (low energy shot). 
 
Figure 4.8. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 400µm before the tip.. The best fit temperature was 3.07MeV. 
The incident energy for this shot was 509.8J (low energy shot).  
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Figure 4.9. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 400µm before the tip.. The best fit temperature was 3.24MeV. 
The incident energy for this shot was 612.4J (high energy shot). 
 
Figure 4.10. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 200µm before the tip. The best fit temperature was 3.07MeV. 
The incident energy for this shot was 600J (high energy shot). 
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Figure 4.11. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 200µm before the tip. The best fit temperature was 2.96MeV. 
The incident energy for this shot was 486.7J (low energy shot). 
Figur
e 4.12. Relativistic Maxwellian fits to the data from a cone-wire target with the 
laser focussed 100µm before the tip. The best fit temperature was 2.32MeV. The 
incident energy for this shot was 595.4J (medium energy shot).  
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Figure 4.13. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 100µm before the tip.. The best fit temperature was 2.6MeV. 
The incident energy for this shot was 665.6J (high energy shot).  
 
Figure 4.14. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 100m past the tip. The best fit temperature was 2.3MeV. The 
incident energy for this shot was 541.8J (medium energy shot).  
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Figure 4.15. Relativistic Maxwellian fits to the data from a cone-wire target with 
m past the tip. The best fit temperature was 2.06MeV. The 
incident energy for this shot was 608J (medium energy shot).  
 
Figure 4.16. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 400m past the tip. The best fit temperature was 2.56MeV. The 
incident energy for this shot was 561J (high energy shot). 
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Figure 4.17. Relativistic Maxwellian fits to the data from a cone-wire target with 
the laser focussed 600m past the tip. The best fit temperature was 2.43MeV. The 
incident energy for this shot was 533J (low energy shot). 
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4.3 Summary of results 
 
Figure 4.18. Hot electron slope temperatures taken from electron spectroscopy 
measurements made during shots onto cone-wire targets with varying degrees of 
defocus.  Low (blue), medium (green) and high (red) refer to laser shot energies of 
480 - 540 J, 540 - 600 J and 600 - 670 J respectively. 
Figure 4.18 shows the slope temperatures associated with the varying degrees of 
defocus employed in the experiment. The temperature of the hot electron 
spectrum does not appear to follow any strong trend with defocussing, however, as 
expected, the highest energy shots do appear to correlate with somewhat higher 
slope temperatures. 
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In previous studies it has been seen that the variation in hot electrons temperatures 
is a function of laser intensity [2], however it is not trivial to relate the focus 
position to the incident intensity at the target surface, since the cone acts, in part, 
to focus the incident laser radiation toward the cone tip. More extensive analysis on 
this experiment has been performed by Ian Bush, who has used the 1/e length of 
the K-emission from the wire portion of the targets as an indicator of the 
temperature of the hot electron population within the target. A plot of these results 
is shown in figure 4.19.  
 
Figure 4.19. Variation of the length over which the Kα emission falls to 1/e of  its 
peak value in the same.  
As can be seen from figure 4.19, the change in the 1/e length of the fluorescent 
emission from the copper wire seems to suggest that the spectrum of the hot 
electrons within the target is a function of focus position, with the hotter spectra 
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being present around tight focus, as might be expected based upon the 
dependence of the hot temperature upon the intensity. 
This suggests that the spectrum recorded at a distance from the target may not be 
representative of the hot electron spectrum present within the target. This is in fact 
an understood limitation of electron spectroscopy diagnostics at a distance from 
the target, and is the reason why the more difficult to setup k-
deployed for this purpose. The difference in spectra measured at a distance is 
caused by the strong electromagnetic sheath fields that surround the dense target. 
These fields tend to trap all but the most energetic electrons from leaving the 
target, and furthermore they tend to reduce the energy of those electrons that do 
escape to infinity. However, as should be clear from a consideration of figures 4.18 
and 4.19, the electron spectroscopy results presented in this thesis do not 
contradict the findings of the k-
limited support for the broader conclusions of the study, which will be described in 
detail in the PhD thesis of Mr Ian Bush (under preparation). 
The results of the k-
energetic electrons is maintained throughout the defocus range tested in this 
experiment. This is indeed an interesting result since fast ignition would be made 
far more practicable if the electron spectrum could be softened whilst maintaining 
energy coupling efficiency to the core. However caution must be exercised in 
extending the results of this study at laser energies of a few hundred Joules, and 
~1ps pulse lengths, to conditions typical of fast ignition for which laser energies on 
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the order of 100kJ and pulse durations of approximately 10-20ps are thought to be 
required. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
86 
 
                                                                                                                                                              
4.4 References 
[1] G.E. Uhlenbeck and L.A. Young , Physics Review Letters, 36, 1721–1727 
,[1930]. 
[2] F.N. Beg et al., Physics of Plasmas, 4, 447, [1997]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
87 
 
                                                                                                                                                              
 
Chapter 5 
5.0 Conclusions 
 
Fast ignition is an interesting variant upon the inertial confinement fusion 
scheme which offers the promise of high gain laser fusion without the 
requirement for exorbitantly expensive multi-MJ laser drivers. A major problem 
difficulty with the scheme is that the ignition hotspot must be formed in a region 
of constant density. This results in a hotspot that is at a far higher pressure than 
the surrounding fuel, causing it to disassemble rapidly. Therefore the heating 
energy must be supplied in a very short period of time (~10ps). This dictates that 
a very high laser intensity is required. However at the intensities suggested 
(~1021W/cm2) the relativistic electrons produced by the laser interaction with 
arable to the minimum 
required for ignition. This implies that the ignition process will then require far 
more energy, since a far greater mass of fuel must be heated.  
For this reason it would be highly desirable to produce a softer electron 
spectrum with a given igniter laser [1]. A number of approaches to achieving this 
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have been suggested, such as operating at a shorter wavelength or using plasma 
mirrors. However all of these approaches have clearly apparent difficulties of 
their own.  
The results of the experiment performed at the Vulcan Petawatt laser in 
Nov/Dec 2008, which are in part outlined in this thesis, suggest that defocussing 
the laser that is incident into the cone, in the cone-guided approach to fast 
ignition, may enable the electron spectrum to be softened whilst the laser-
target coupling efficiency is approximately maintained. However great caution 
must be exercised in extrapolating the results of this study, which was carried 
out with a laser of ~1ps duration and energy ~600J to a full scale fast ignition 
driver which would likely have an energy on the order of 100kJ and a duration of 
10-20ps.  
The electron spectroscopy results presented in this thesis are less convincing in 
showing a reduction in the hot electron temperature with defocus than are 
those based upon observations of k-  emission from the wire. One explanation 
for this is that the spectrum at a distance from the target is in large part a 
function of the electromagnetic sheath fields that surround the target, and is 
only weakly dependent upon the spectrum of electrons in the dense plasma. 
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